The ''Cincinnati Childhood Allergy and Air Pollution Study (CCAAPS)'' is underway to determine if infants who are exposed to diesel engine exhaust particles are at an increased risk for atopy and atopic respiratory disorders, and to determine if this effect is magnified in a genetically at risk population. In support of this study, a methodology has been developed to allocate local traffic source contributions to ambient PM 2.5 in the Cincinnati airshed. As a first step towards this allocation, UNMIX was used to generate factors for ambient PM 2.5 at two sites near at interstate highway. Procedures adopted to collect, analyze and prepare the data sets to run UNMIX are described. The factors attributed to traffic sources were similar for the two sites. These factors were also similar to locally measured truck engine-exhaust enriched ambient profiles. The temporal variation of the factors was analyzed with clear differences observed between factors attributed to traffic sources and combustion-related regional secondary sources. r
Introduction
The fine fraction of the atmospheric aerosol has been receiving significant attention in recent years due to its potential impact on human health and the environment. Several toxicological and epidemiological studies have confirmed the relationship of exposure of particles to human health (Brunekreef et al., 1997; Dockery et al., 1993; Saxon and DiazSanchez, 2000; Schwartz et al., 1996) . There are several studies that have also indicated the cofounding effects of anthropogenic aerosols (such as industrial emissions, traffic exhausts) and naturally occurring bioaerosols in respiratory disorders (Nel et al., 1998; Takenaka et al., 1995) . Emissions from traffic-related sources in urban areas have been examined by several researchers (Cadle et al., 1999; Gillies and Gertler, 2000; HEI, 2002; Schauer et Shi et al., 1999) . A large cohort epidemiological study is underway in the Greater Cincinnati area to examine the adjuvant role of traffic related and naturally occurring aerosols on enhancing the onset of allergic sensitization in children (LeMasters et al., 2003; Ryan et al., 2004) .
The Greater Cincinnati area was recently designated as non-attainment for the PM 2.5 National Ambient Air Quality Standard. The region ranks 24th amongst 401 urbanized areas in the USA in total miles of interstate highways, and has a large volume of heavy duty freight vehicles that travel on these highways (FHWA, 2001) . Cincinnati is also a heavily industrialized area. Thus, it is important to identify contributions of the different source categories to support epidemiological studies and develop sound policy and abatement actions. An extensive ambient sampling study was initiated to establish the spatial variations of 24-h integrated PM 2.5 concentration and its constituents . In addition, an intensive sampling study was conducted with several real time instruments to elucidate temporal variations and establish variances in size distributions and morphology of the ambient aerosols .
Various receptor modeling approaches have been used to unravel the contributions of important source categories to observed ambient concentrations. Several factor-based approaches have been used, including principal component analysis (PCA) followed by multiple linear regression (MLR) (Larsen and Baker, 2003) , positive matrix factorization (PMF) (Paatero and Tapper, 1994) and UNMIX (Henry, 2000) . UNMIX has been recently utilized to establish ambient aerosol sources and was reported to provide good agreement with predictions of other multivariate receptor models (e.g. PCA/MLR, PMF), especially in identifying the dominant source categories (Henry, 2000; Lewis et al., 2003; Larsen and Baker, 2003; Maykut et al., 2003; Mukerjee et al., 2004) . A summary of various recent UNMIX applications are outlined in Table 1 . Chen et al. (2002) conducted a UNMIX analysis of speciated PM 2.5 data in the Fort Meade, MD area. The investigators obtained a factor that was attributed to a composite mobile source with an elemental carbon (EC) to organic carbon (OC) ratio of 0.55. They reported that this factor more closely resembled gasoline-fueled vehicle emissions than diesel-fueled ones. Lewis et al.(2003) carried out a similar UNMIX analysis for speciated data obtained in Phoenix, AZ. The authors delineated between gasoline and diesel engine sources; the EC/ OC ratio for the diesel source was 0.66, whereas it was 0.32 for the gasoline sources. Maykut et al. (2003) and Kim et al. (2004) reported UNMIX results for the Seattle, WA area. Maykut et al. (2003) reported that carrying out the analysis with EC and OC components resulted in a composite traffic factor. However, by using subfractions of OC and EC from the temperature programmed thermooptical analysis, they could delineate between gasoline and diesel engine sources.
While numerous receptor modeling studies have been conducted, this is the first known study on the PM2.5 fraction in the Greater Cincinnati area. Furthermore, it has been conducted in support of a large epidemiological study. Hence, the procedure aspects of receptor modeling, with features such as smaller seized datasets (due to budgetary considerations) and incomplete speciated information that are common to several epidemiological studies, are addressed.
In this study, UNMIX analysis was performed on speciated ambient PM 2.5 aerosols using US ESPA UNMIX v2.3. One site (of two such sites in the Cincinnati area) was operated by a local monitoring agency according to the Speciation Trends Network (STN) protocols. The other site was established specifically for the Cincinnati Childhood Allergy and Air Pollution Study CCAAPS study. It operated on a different sampling schedule than the STN protocol site and included a subset of the STN-measured species. Despite these differences, the two sites provide an opportunity to compare and contrast the factors obtained from UNMIX and the inferred traffic source contributions.
Methods

Sampling locations
The entire epidemiological study involved sampling at 24 sites of the CCAAPS network and 10 additional PM 2.5 monitoring stations operated by Hamilton County Department of Environmental Service (HCDOES); however, the data for this paper were collected at two sites: Findlay and Lower Price Hill (Fig. 1) . These two sites span interstate highway I-75, a heavy traffic corridor in the Greater Cincinnati area. The Findlay site is located at 940 Findlay Street, Cincinnati, OH, about 210 m east of I-75. This site was established to support the CCAAPS study. The Lower Price Hill (LPH) site is located at 2101 West Eighth Street, Cincinnati, OH, about 1.7 km southwest of I-75. This site is operated by HCDOES as part of the national urban speciation trends network (STN). The distance between these two sites is about 2.2 km.24-h integrated ambient air sampling was conducted nominally 0900-0900 (+1 day) ELT (local time) at Findlay and 0000-0000 (+1 day) EST at LPH. A detailed summary of the sampling dates at the two locations is provided in Table 2 .
To obtain information on source emissions from diesel engines, sampling was also performed near truck weigh stations and at a school bus depot. At the weigh station, trucks with a prepass do not enter the weigh station and run on the interstate highway at a speed of about 60 mph; others are diverted from the highway and go through the station. The PM 2.5 samplers were set about 1 m away from the scale where the trucks were weighed and 12 m from the interstate highway. Sampling was conducted during an 8-h period. The school bus depot sampling location had about 100 buses with engines warming up prior to daily runs. The PM 2.5 samplers were operated for about 4 h at this location. The equipment and analysis methods used for the ambient air sampling at Findlay were also adopted for these diesel emissions-enriched ambient measurements as described in the next section. 
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Sampling and analysis methods
The details of the sampling and analysis methods adopted for the CCAAPS study and those used at the Findlay site are described elsewhere , only a brief description is provided here. PM 2.5 samples were collected on 37-mm Teflon membrane filters (nominal pore size ¼ 1 mm) (Pall Corporation, Ann Arbor, MI, USA) and 37-mm quartz filters (Whatman Inc., Clifton, NJ, USA) with Harvard-type Impactors (Air Diagnostics and Engineering Inc., Harrison, ME). The Teflon filters were conditioned for at least 24 h in a humidity chamber for temperature and humidity equilibration at Washington University in St. Louis (WUSTL) and weighed before and after the sampling to determine PM 2.5 mass concentrations. The Teflon filters were then analyzed by X-ray fluorescence (XRF) to determine elemental concentrations (Chester Labnet, Tigard, OR). 15 chemical species (Al, Si, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Pb) were consistently observed to be present. The quartz filters were sectioned with one half analyzed by the Thermal-Optical Transmittance (TOT) technique using the NIOSH-5040 method (Birch and Cary, 1996) to determine EC and OC concentrations (Sunset Lab, Hillsborough, NC). The other half was frozen and preserved. Field and laboratory blanks were routinely analyzed, with details reported elsewhere (McDonald, 2003) .
At Lower Price Hill (LPH), 24-h integrated PM 2.5 samples were collected every 6th day using a SASS sampler (Met One Instruments Inc., Grants Pass, OR). The LPH site is part of the State and Local Air Monitoring Station (SLAMS) network. Mass and speciation analysis were performed by RTI (Research Triangle Park, NC) following protocols adopted by the EPA Speciation Trend Network (STN). Table 2 provides a summary of the measurements and analyses.
The CCAAPS baseline monitoring platform (used at the Findlay site) initially consisted of Teflon filter sampling with only periodic sampling on quartz filters. Given the importance of EC to this study, an optical reflectance method was used to estimate the EC concentrations from the Teflon filters. The reflectance of ambient aerosols deposited on the Teflon filter was measured by a reflectometer (EEL model 43; Diffusion System Ltd., London, UK). The absorption coefficient (A bs ) of the aerosol-loaded Teflon filters was calculated according to international standard ISO 9835 (1993):
where R s is the normalized reflectance of the sample filter as a percentage of the reflectance of a clean control filter (100 by definition); R b is the average of the normalized reflectance of the field blank filters; V is the air volume sampled (m 3 ); and A is the area of the deposit on the filter (m 2 ). The absorption coefficient was correlated with EC from NIOSH 5040 thermooptical transmittance analysis for days when quartz filter sampling was conducted.
The meteorological parameters-wind direction, wind speed, temperature and humidity-were recorded with 5 min resolution with a Vantage Pro Weather Station (Model 6150, Davis Instruments, Baltimore, MD) that was located beside the PM 2.5 sampler, at a height of 2 m above the ground.
UNMIX model calculations
Chemical Mass Balance (CMB) models have been extensively used by researchers; however, these models require a priori knowledge of source profiles. While some receptor modeling studies have been previously conducted in the Cincinnati area (Mukerjee and Biswas, 1992; Mukerjee and Biswas, 1993; Shenoi, 1990) , detailed local source profiles are not available for PM 2.5 constituents. The UNMIX, multivariate model (Henry, 1994 (Henry, , 2003 Henry et al., 1999 ) was adopted in this study to derive factors which presumably can be attributed to emission source categories. To our knowledge this is the first application of a receptor modeling study of PM 2.5 constituents in the Greater Cincinnati area. UNMIX utilizes highly dimensional 'edges' of data points in conjunction with non-negative constraints on both source profiles and contributions to find the number of sources and their respective species profiles solely based on the measured data (Henry, 2003) . The first step adopted is applying 'NUMFACT' (Henry et al., 1999) to determine the number of influencing sources. This is analogous to factor analysis methods that establish the number of factors (or sources), but with different criteria being invoked. Singular value decomposition (SVD) is then performed on the normalized measured chemical concentration data to reduce the dimensionality with respect to the retained number of factors (or sources). The edges of the data set are established which are then used to determine the source profiles. Contributions of these source categories can be calculated using the singular value decomposition model as demonstrated by Henry (2003) .
ARTICLE IN PRESS
The steps that are adopted in this work in running the UNMIX model are the following (Henry, 2000) :
(a) Species were excluded as fitting species if their average ratio of the concentration to the uncertainty was less than two; (b) Organic carbon at Findlay was blank-corrected by subtracting the study-averaged trip and field blank OC level from the routine (24 h-integrated) sampled OC. This blank correction was equal to 0.9070.39 mg m À3 . Both EC and OC at LPH were blank-corrected by the study-average field blank levels of 0.1570.07 mg m À3 for EC and 1.3670.43 mg m À3 for OC. Negative artifacts were not considered since there was no available data; (c) Mass reconstructions were used to screen the data as outlined by Malm et al. (1994) , Tolocka et al. (2001) , Chen et al. (2002) , and Lewis et al. (2003) . The following weights were used to adjust the measured species to an assumed compound or bulk composition: S concentrations were multiplied by 4.13 which assumes that all the sulfur species are present as ammonium sulfate; Al, Si, Ca, a portion of Fe, and Ti are assumed to be of crustal origin and are multiplied by 2.20, 2.49, 1.63, 2.42 and 1.94, respectively, corresponding to their major oxides. Organic carbon concentrations after blank correction were multiplied by 1.4 as an estimate of total organic matter; (d) Scatter plots were used to establish relationships between each species and the PM 2.5 mass concentration. These plots were used to determine the ''good edge'' species; (e) Initial runs of UNMIX with these ''good edge'' species identified the set of contributing sources such that at least 80% of variance of each species could be explained by these sources. The set of factors that accounted for the greatest variance of the species was selected, along with the highest signal-to-noise ratio (greater than two is recommended); (f) Follow up runs were performed with additional species to ensure stability and to search for feasible solutions with a larger number of sources; and (g) Edge plots were used to guarantee sufficient number of points to define the edges for each source. Those points forming poor edge were excluded from the UNMIX runs.
Results and discussion
Average ambient concentrations
Mass concentrations for PM 2.5 and its chemical components at the two sites are listed in Table 3 . The PM 2.5 concentrations over the entire sampling period reported in this paper were 20.479.0 and 17.878.1 mg m À3 at Findlay and the LPH sites, respectively. While the spatial variation in the PM 2.5 mass concentration is rather low , there was a significant temporal variation (approximately 44% with respect to the mean concentration). The difference in mean PM 2.5 levels (20.4 compared to 17.8 mg m À3 ) at the two sites might arise from the different sampling schedules (Table 2 ) and/or the differences in sampler hardware and operations. Alternatively, they might reflect actual differences in the long-term PM 2.5 mass concentrations between these sites.
The sulfate ions were the largest contributor to the average PM 2.5 mass concentration, followed by organic carbon (OC). Being located in the Ohio River valley, the region is in the vicinity of numerous coal-fired power plants and hence the domination by sulfate species concentrations. More than half of the PM 2.5 mass arises from the major ions-nitrate, sulfate and ammonium while elemental carbon (EC) and organic carbon (OC) accounted for approximately 25% of the average PM 2.5 mass concentration (Table 3 ). The ratio of EC to OC has been considered an important indicator for the characterization of diesel-and gasoline-fueled vehicle emissions (Gillies and Gertler, 2000) . Box plots of the ratio of the EC to OC are shown in Fig. 2 for the Findlay and LPH sites. At both sites, EC and OC are moderately correlated (r 2 ¼ 0:75 and 0.60 at Findlay and LPH, respectively). The mean values of EC/OC ratio are 0.36 and 0.21 at the Findlay and LPH sites, respectively. The slightly higher EC/OC ratio at the Findlay site may be due to a relatively greater influence of diesel engine emissions as this sampling site which was closer to the highway than the LPH site. This issue is revisited in the discussion of the UNMIX results.
Based on the methods described in the previous section, the reconstructed PM 2.5 mass concentrations from the speciated data were plotted against the measured PM 2.5 mass concentrations, as shown in Fig. 3(A) and (B) for the Findlay and LPH site, respectively. At the Findlay site, these reconstructions include only those samples in which both EC and OC were measured. The reconstructed PM 2.5 varies from 0.44 to 0.99 of the measured PM 2.5 mass concentration. Several factors could cause the low 
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Extension of Findlay data set to include EC concentration
For the Findlay data set, EC was directly measured for 39 of the 95 total samples; the balance of these samples included aerosol collection on Teflon filters which precluded ECOC analysis. Since one of the objectives of the study was to delineate the contribution of traffic related sources and because EC is an important indicator of diesel engine exhaust (Schauer, 2002) , the data set of EC concentrations was extended using the reflectance method described earlier. The absorption coefficient (A bs ) for each of the 95 samples collected on Teflon filters was determined using Eq. (1) based on reflectance measurements. For the 39 samples with collocated sampling onto quartz filters, the absorption coefficients were correlated to the EC measured by thermo-optical analysis (Fig. 4) . A strong linear correlation (r 2 ¼ 0:91) was obtained and the following calibration equation was determined:
where A bs has units of 10 À5 m À1 and EC has units of mg m
À3
. Eq. (2) is valid only for this particular location, and should not be universally applied. Eq. (2) was then used with the known values of A bs from the Teflon filter measurements to estimate EC levels for the 56 days when no quartz filter sampling was conducted. Similar results were also reported in a New York study by Kinney et al. (2000) .
Scatter plots and UNMIX inputs
Scatter plots have been used in air quality studies as a screening method for selection of fitting species and identifying outliers (Henry, 1994 (Henry, , 2000 , 2003) . UNMIX allows the user to generate scatter plots, which was then used as a first step to choose the species potentially contributing to PM 2.5 levels (Henry, 2000) . Based on the measurements carried out at Findlay, scatter plots are shown in Fig. 5 for a variety of different species versus PM 2.5 mass. For several species such as Al, Ca, Mn and Fe, the data points are scattered over the entire plane of the plot. However, S shows a strong linear correlation with PM 2.5 (r 2 ¼ 0:72) and EC and OC exhibit a moderate degree of correlation (r 2 ¼ 0:30 and 0.52, respectively) with PM 2.5 levels. The data for Pb and Zn are closer to the PM 2.5 axis, where on certain days (11, 12, 16 September 2002) showed relative higher levels, suggesting significant impact of metal processing sources.
Henry (2000) defined a subjective term ''good edge'' to describe the species that show a clear relation with PM 2.5 concentration with identifiable, sharp lower and upper edges in the scatter plot. Species such as S, Fe, EC, Mn, Ca can be qualitatively classified as those with ''good edges'' as demonstrated in Fig. 5 . These elements-the selection of which is subjective to some degreewere used first to get the minimum source solution from UNMIX. Other species were systematically added in the UNMIX model to improve the source identification. Due to the availability of all major species components at the LPH site, good closure on the mass balance of PM 2.5 was obtained. Given that the Findlay site data includes only a subset of the PM component available at LPH, a sensitivity check was performed for LPH using only Si, S, Ti, Fe, Zn, EC, and OC as the fitting species in the UNMIX model. These LPH model runs explicitly excluded ammonium, nitrate, and PM 2.5 mass to be consistent with the Findlay modeling. Using these two approaches, the contribution of each fitted species to the respective source profiles agreed within the model-estimated uncertainty. Hence, the Findlay model results presented in this paper used Al, Si, S, Ca, Ti, Mn, Fe, Zn, Pb, EC and OC (when available) while the LPH model results used PM 2.5 mass, nitrate, sulfate, ammonium, Si, Ca, Ti, EC and OC. Note that PM 2.5 mass was excluded from the Findlay model runs because the major ions were not directly measured and there was no basis for assuming a nitrate concentration.
UNMIX results
Findlay site
UNMIX was applied on the 89-day dataset (Table 4) for which EC was estimated from the reflectance measurements. Six days (12 September 2002, 6 October 2003 and 13 and 20 January, 30 and 31 August 2004) had ''poor edges'' and hence were excluded from the UNMIX runs. By recalculating the SCEs on those days, several species concentrations were underestimated suggesting the impact of additional sources. A stability analysis was performed by removing samples one at a time-to confirm that a converged result was obtained. The factor loadings from 28-day data set with a direct ECOC analysis agreed with the one obtain from 89-day dataset. The averaged source contributions along with 1-sigma uncertainties are reported in Table 4 . The ratios of OC to EC for each of the factors from the 28-day dataset were used to estimate source contributions to OC for the remaining days. The normalized source profiles are listed in Table 4 .
The four factors derived by UNMIX contributed 73% to the average PM 2.5 concentration of 20.5 mg m À3 . Nitrate-which was not available for this analysis-is likely a significant contributor to the missing reconstructed mass. A brief description of the four factors is as follows. The first factor accounted for the largest contributions to ambient Pb and Zn levels. This factor also accounted for $16% of the ambient sulfur. There are several metal processing facilities near the Findlay site which The second factor appears to be a traffic source profile with a total contribution of 24% to the measured PM 2.5 levels. Carbonaceous species (OC and EC) are the dominant PM components in this profile. Due to the close proximity of the site to the highway and the high volumes of diesel engine traffic (420,000 per day), this factor is the highest contributor to EC levels (48%), and is likely strongly influenced (indeed, possibly dominated) by diesel engine emissions. The abundant species in this factor are EC, OC, S, Ca, Fe, Si, Al, Ti, Mn, and these are among the typically measured species in vehicular emissions such as Mg, Al, Si, P, S, Cl, Ca, Fe, Cu, Zn, Br, and Pb as reported by Gillies and Gertler (2000) and Cadle et al. (1999) . The ratio of EC to OC for this factor was 0.43 which is much higher than typically reported for gasoline engine emissions. This factor was a dominant contributor of Mn (42%), consistent with the use of Mn-based additives to enhance engine performance (Lewis et al., 2003; Ramadan et al., 2000) .
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A comparison of this factor loading (at Findlay) was made to measured diesel engine exhaust source profiles (Fig. 6) . Some of these profiles were obtained from the literature (HEI, 2002) and the others from measurements made as part of this study at diesel emission-enriched areas using equipment and analytical methods identical to the ambient measurements at Findlay. Reasonable agreement is obtained, providing further evidence that this factor is likely dominated by diesel vehicle emissions. As stated earlier the Findlay site is very close to the highway that has a high volume of truck traffic. The UNMIX derived factor loadings of EC and OC most closely matched the direct truck-enriched profiles measured at a weigh station in the Cincinnati region (Truck CIN, Fig. 6 ). While OC and S fractions were consistent across the measurements, there was relatively large variation in the EC level. were estimated by mass reconstruction methods described in the text (S was multiplied by 4.13, OC by 1.4). e Fraction is normalized to the source contribution estimates to PM 2.5 by each source. f Averaged source contribution to OC is estimated using dataset with EC/OC measurements.
Several PM components were not used in the UNMIX analysis; correlation coefficients for those species with the four UNMIX-generated factors are presented in Table 5 . The factor attributed to the traffic source shows moderate correlation with the crustal species Mg (0.49) and K (0.43), which might arise from crustal material resuspended by the movement of large number of heavy duty vehicles.
The third factor was a major contributor to measured S levels (greater than 60%), and accounted for 32% (largest) of the ambient PM 2.5 . As discussed later, this factor shows significant seasonal day-to-day variation (Fig. 7) , and appears to be an indicator for regionally-transported PM with strong contributions from secondary sulfate related to coal combustion. It was also the second largest contributor to the ambient OC concentrations, and had a significant contribution to EC levels. Thus, the factor could be a composite of coal combustion emissions, secondary sulfate, and primary and/or secondary organics. The moderate association with Se (r ¼ 0:31) provides additional evidence for attribution of this factor to coal combustion sources.
The fourth factor is the smallest (3%) contributor to the PM 2.5 levels. It is the largest contributor to ambient Si (38%) and showed significant (po0:05) correlation with several crustal materials such as Mg (0.11) and K (0.45). Thus, this factor appears to be related to resuspended soil or other crustalrelated emissions. Fig. 7 is a time series of the factor-specific contributions to the measured PM 2.5 mass concentrations. Fig. 7a demonstrates that the two dominant factors-attributed to traffic and combustion-related regional sulfate-exhibit significant day-to-day variations. Relatively low contributions from the combustion-related regional sulfate source were observed on several days, such as 1 July, 6 and 7 October 2003; together with a higher contribution from the metal processing source. This is possibly due to the presence of higher concentrations of Zn and Pb in these samples. There is a possibility that the concept of ''edges'' may fail due to unusually high concentrations of the Zn and Pb species.
Monthly average contributions are presented in Fig. 7b with the number of samples reported in the parenthesis below the respective month. While some of these sample subsets are rather small and thus might be at best qualitatively representative of the month, there are stronger contributions from the combustion-related regional sulfate in the summer months compared to the other months. In contrast, traffic source contributions appear to be lowest in the summer months. It is not clear whether this behavior arises from seasonal differences in wind direction dictating the impact of local highway emissions on the site, seasonal differences in mixing height influencing the extent of atmospheric ventilation, or seasonal differences in emissions.
The possible role of near-field (local) emissions on the observed traffic source contributions was investigated for 11 days over a 2-week period in November 2002. Table 6 shows the UNMIXderived traffic source contribution and the prevailing wind direction as determined from wind roses for each day (listed by the start date). An overall frequency distribution of the 5-min averaged wind direction for this period yielded the following results: 26% from north, 18% from southwest, 15% from west, and 13% from south-southwest. The highest contributions (Table 6 ) of the traffic source factor occurred on 19 November when the winds arrived from the west for 51% of the sampling period. Moderately high traffic source contributions (Table 6) were also observed on 13 and 14 November which coincided with winds arriving predominantly from the north (68% and 81% of the sampling periods, respectively). These conditions for relatively high traffic source contributions are consistent with the location of the Findlay site where highway I-75 is located both west and north of the site (Fig. 1) . A relatively low traffic source contribution was observed on 16 November (Saturday), likely less due to the prevailing meteorological conditions and more due to the lower diesel truck volumes on the weekends. This is consistent with the observation of Lewis et al. (2003) who reported a strong weekend/weekday difference for diesel engine vehicle contributions in Phoenix (0.28 for weekend/weekday). Similarly, the estimated weekend/weekday ratio of traffic source contributions for this Cincinnati study was 0.3. Caution must be exercised in this interpretation as the data is from a limited number of samples, and more weekend samples need to be collected to derive a firm conclusion.
Lower Price Hill (LPH) site
Using the procedures described earlier in this manuscript, samples with missing data or those that were determined to be outliers were removed, and a 63-day data set was obtained that was used for UNMIX modeling. The averaged source contributions and the 1-sigma uncertainties are presented in Table 7 . This dataset included measurements of ammonium, nitrate and sulfate ions, and much more representative closure on the measured PM 2.5 mass was obtained compared to the Findlay analysis. Four source categories (factors) met the performance measures of the UNMIX model (requiring the variance to be greater than 80%, and signal-to-noise ratio to be greater than 2), and these four sources accounted for 99.1723.4% of the 63-day sample averaged PM 2.5 concentration of 17.9 mg m À3 . The first factor was the largest contributor to ambient nitrate (471%) and appears to represent a secondary nitrate source. It accounted for about 19.074.1% of the total PM 2.5 mass concentration and has ammonium, sulfate and nitrate present in concentrations consistent with the stoichiometry of ammonium nitrate and ammonium sulfate. Fig. 8 shows the monthly average source contributions to the PM 2.5 mass. The secondary nitrate factor shows a strong seasonal variation with highest contributions in the winter and spring, consistent with the conditions that favor ammonium nitrate formation (Seinfeld and Pandis, 1998) . A negative correlation of nitrate with temperature (r ¼ À0:71) reinforces the seasonal dependence of this factor. The contributions to EC and OC from this factor were companied with relative large uncertainties.
The second factor appears to represent traffic sources and accounted for 23. ) at LPH from the UNMIX-generated source profiles. measured PM 2.5 level. This factor was the dominant contributor to both ambient EC and OC. Fig. 8 shows relatively little seasonal variation for this factor. In contrast, Findlay showed lower contributions in the summer compared to the other seasons. These differences might arise from the more uniform data density across months for the LPH site providing a more-robust monthly estimate, or might arise from a weaker sensitivity of the traffic source contributions at LPH compared to Findlay for seasonal differences in meteorological conditions. Unlike Findlay, the sulfur content of traffic profile at LPH showed large uncertainty. This factor exhibited a lower EC/OC ratio (0.32), probably suggesting a weaker diesel vehicle influence to the composite traffic source profile at LPH compared to Findlay. However, the average contribution to EC was about 0.67 mg m À3 at LPH, comparable to the 0.62 mg m À3 at the Findlay site. Though the LPH site is at a greater distance from I-75, and probably not influenced as much as the Findlay site by the large number of heavy duty diesel vehicles, there would be other factors causing this comparable traffic source contribution levels, such as the variance of the wind directions and the difference sampling schedules at both sites. Larger data sets with consistent analytes being measured are needed to more-fully investigate differences between the traffic source profiles at LPH and Findlay.
The third factor-a combustion related sulfate source is quite similar to the respective profile for the Findlay site. It is the largest contributor to measured PM 2.5 concentrations, accounting for 46.778.3% of the total mass. As at the Findlay site, there was a strong seasonal dependence with highest contributions in the summer. The fourth factor was the smallest contributor (10.674.9%) to the measured PM 2.5 levels. It appears to be indicative of resuspended soil or other crustal emissions, although fewer species are present in the UNMIX solution for LPH compared to Findlay and thus this assignment is more speculative.
Conclusions
The UNMIX model was used to identify factors for speciated PM 2.5 collected at two nearby sitesFindlay and Lower Price Hill (LPH)-in Cincinnati. It should be noted that the total number of samples was relatively small (95 and 28 for Findlay, 63 for LPH); however a stable, robust solution that yielded four factors was obtained. Subsequently, emission source categories were assigned to these factors based on the factor-specific species profiles. In each case, four-factor solutions were obtained. At both sites, the largest contributors to measured PM 2.5 mass concentrations were combustion-related regional sulfate and traffic emissions. The combustion-related regional sulfate contributions exhibited a strong seasonal dependence (highest in summer) while the traffic contributions exhibited no-to-weak seasonal dependence. There were differences in the UNMIX results for the two sites which appear to be influenced by the different species that could be included in the respective analyses. LPH exhibited a secondary nitrate factor could not be generated at Findlay because nitrate data was not available. Findlay exhibited a factor which was related to metals processing; it is not clear whether such contributions are actually small at LPH or, lumped into one-or-more of the four identified factors by the UNMIX algorithm. Despite these differences, the traffic source profiles for the two sites were largely consistent which is reasonable given the close proximity of the sites. Within the traffic source factors, modest differences in the EC/OC ratio are consistent with higher diesel vehicle emission influences at the Findlay site compared to the LPH site. These analyses form the basis for constructing traffic source profiles towards estimating traffic source contributions at other locations throughout the Cincinnati area. Additional analysis with a larger data set, support with use of a larger fractionation of the EC-OC (such as in temperature resolved analysis) and/ or measurement of specific molecular markers will confirm the contribution of the diesel sources.
